G. parviflora, C. album and R. acetosa. The new groups of biologically active compounds which would exhibit selective or total herbicidal properties, concurrently being nontoxic for the environment, have been searched during this study. Such compounds could be used in the future as alternatives to currently used herbicides, or as replacements for those that have been withdrawn from use.
Materials and Methods
The test compounds tetrabutylammonium tetrafluoroborate [TBA] [BF 4 ] (99% purity), tetrahexylammonium tetrafluoroborate [THA] [BF 4 ] (≥97% purity), tetrabutylammonium hexafluorophosphate [TBA] [PF 6 ] (98% purity) and tetrahexylammonium hexafluorophosphate [THA] [PF 6 ] (≥97% purity) used in the study were purchased from Sigma-Aldrich Chemical Co (Poznań, PL).
A pot experiment for the determination of potential phytotoxicity of the QASs was carried out in the vegetation hall of the Department of Biochemistry and Ecotoxicology at Jan Długosz University in Częstochowa, PL. The same weights of seeds were sown to plastic pots with a diameter of 90 mm containing 250 g of soil. The soil used in the experiment was light loam with dissolved matter content of approx. 10%, organic carbon content of 0.9% and pH equal to 6.0. Three weeks after emergence, the plants were sprayed with solutions of the examined compounds. Weighed amounts of each QAS were dissolved in 10 mL of a water-methanol mixture to yield 0.5%, 1.0% and 2.0% concentrations. Then, 2 mL of the solution with a given concentration was collected and used for spraying leaves of plants growing in the pots. The controls were also prepared in an analogous manner, and they were sprayed with an aqueous-alcoholic solution, but without QAS addition. Thus, the amounts of QASs administered to the surface were equal to the amounts of active substances contained in commercial herbicides. This allowed to a certain extent for the comparison of phytotoxicity of the studied QASs with substances available in the market.
Throughout the testing period (21 days), constant substrate moisture content at the level required for the plants (70% field water capacity), a constant temperature of 20 ± 2 °C and a light intensity of 160 μmol m −2 s −1 were maintained in the system of 16 h/day and 8 h/night.
The tests concerning determination of an effect of salts applied to soil on selected weed species were conducted for 28 days under the same conditions as in the case of foliar examinations. The examined compounds were added to the soil (incorporation) and weed seeds of G. parviflora, C. album and R. acetosa, sown on such prepared ground. The concentrations for each QAS compound were 100, 400 and 700 mg kg −1 of soil dry weight. The analytically weighed amounts of QASs were dissolved in 10 mL acetone, and then 50 g of quartz sand was added, rinsing the dish with pure acetone several times. In order to obtain the same QAS concentration from each substrate volume, after the open air evaporation of acetone, the weighed amount of quartz sand was carefully mixed with 200 g of soil.
For each concentration, three independent samples were prepared. Identical weights of seeds of the studied plant species were immediately sown into the substrates thus prepared. Phytotoxicity of the QAS compounds was determined by measuring dry weight content of the weed leaves, shoot length and root length. Shoot and root lengths were measured as described by Wang et al. (2009) . Shoot length can be defined as the length from the tip of the longest leaf to the base of culms, and root length can be defined as the length from the tip of the longest root to the root-shoot junction. Inhibition ratio was calculated as (length in control group-length in treatment group) x 100%/length control group. Results were expressed as shoot height and root length inhibition in comparison to control.
Photosynthetic pigments content was determined according to the method reported by Oren et al. (1993) . Fresh leaves (0.2 g) homogenized in 20 mL 80% acetone using a mortar and pestle were placed into a centrifuge tube. The extraction was carried out in darkness for 24 h, and the extracts were centrifuged for 10 min. The supernatants were used for determination of the content of chlorophyll a and b, and carotenoids by measuring absorbance at 470, 647 and 664 nm, respectively. Pigment content was expressed as mg g −1 dry weight (DW). Plant dry weights were measured as described by Kowalska (2004) . One gram fresh weight samples of the plants were dried to constant weight at a temperature of 105°C. The dry weight content was expressed as g g −1 fresh weight (FW).
The results were analyzed statistically using a statistical software package Statistica v. 12.0 (Statsoft, Inc., Krakow, PL). The data from three measurements (n = 3) were analyzed using one-way ANOVA. Homogeneous groups were calculated using Tukey's test with p < 0.05. The results were expressed as the mean ± standard deviation.
Results and Discussion
The results showed that the examined QASs exhibited herbicidal properties. The strongest herbicidal activity was observed for all compounds after the salts were introduced into the soil. [PF 6 ] resulted in an inhibition of aerial parts growth, depending on compound concentration, but no such effect on the length of the roots of this species was noted (less than 10% or no inhibition). The most resistant plant to foliar treatment was G. parviflora, for which only slight growth inhibition was observed following spray applications of 1% and 2% solutions of [ (Fig. 1c, d) . Biczak et al. (2015) reported extreme phytotoxic effects in common radish and spring barley when tetrafluoroborates with the alkilimidazole cation were added to soil. Additionally this impact depended on the length of carbon chain in the substituent. Chiral ionic liquids used by these authors in the form of foliar spraying of G. parviflora, C. album and R. acetosa plants also demonstrated an inhibitory effect of these salts on the growth and development of the examined weed species. Salts containing PF 6 − anion in their structure are also considered in the literature as compounds exhibiting high toxicity to plants due to the fact that their hydrolysis produces fluoride ions which are toxic and highly undesirable in the environment (Biczak et al. 2014; Cho et al. 2008; Matzke et al. 2007 ). Telesiński and Śnioszek (2009) found that fluoride effects on plants concern, inter alia, the negative impact of this element on assimilation processes and photosynthesis, which in turn leads to plant growth inhibition. These phenomena result from the destructive effect of fluorine on chloroplasts. The strong effects of the examined QAS compounds when added to soil may be related to the fact that soil is the environment for plant development, from which they collect water and nutrients, as well as toxic chemicals (Chapman et al. 2012) . Peric et al. (2014) , Biczak (2016) and Pawłowska and Biczak (2016) reported that the presence of harmful substances in the soil can also cause an inhibition in seed germination, and even complete blockage of their germination capacity. Dry weight content of leaves of weeds was also evaluated in the present study. Soil application of QASs led to an increase in dry weight content in the leaves of G. parviflora and R. acetosa compared to the control. However, foliar spraying of the weeds resulted in an increase in leaf dry weight content only for R. acetosa, which increased in a dose dependent fashion. An increase in dry weight level in C. album leaves was only found following spraying with 1% and 2% solutions [TBA][PF 6 ] (Fig. 2 ).
An increase in dry weight content in the plants coming into contact with chemicals, including QASs and ILs, was also reported by Biczak et al. (2015) and Matusiak et al. (2013) . The results obtained by Liu et al. (2015a) , are in contrast to the findings obtained in this study, since the authors observed a decrease in dry weight content in the leaves of broad bean under an influence of 1-butyl-3-methylimidazolium chloride. The discrepancy in the results of the research concerning chemicals effect on dry weight accumulation in plants may prove that the changes in dry weight content are related to, inter alia, species differences of the examined plants.
Changes in photosynthetic pigment content are among the most important biomarkers of oxidative stress in plants. Some authors (Ma et al. 2010; Zhang et al. 2013; Liu et al. 2015b; Herman et al. 1998; Wang et al. 2009 ) reported almost a linear decline in assimilation pigments with content with increasing levels of QAS or IL compounds in the soil. In the present experiment, the use of all QASs in the form of soil application and foliar spraying caused a reduction in the content of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids in most of the examined weeds. In turn, soil treatments also resulted in a decline in the ratio of chlorophyll a to b in R. acetosa and G. apviflora, as well as a decrease in the ratio of total chlorophyll to carotenoids G. parviflora and C. album. No such relationships were observed with foliar treatment (Tables 1, 2) .
It has been reported that chemicals in the soil have caused oxidative stress in plants, and that overproduction of reactive oxygen species (ROS) can damage, inter alia, membranes of chloroplasts (Sun et al. 2007; Gengmao et al. 2015; Arias-Baldrich et al. 2015) . This causes disorders in chlorophyll synthesis (mainly chlorophyll a) and premature plant aging. A decrease in the content of carotenoids found in this study, which are the primary line of defence of photosystems PSI and PSII against ROS, can also result in harmful effects of the examined QASs on the weeds (Biczak 2016; Biczak et al. 2016; Pawłowska and Biczak 2016 [PF 6 ] showed selective herbicidal properties for G. parviflora, C. album and R. acetosa. Phytotoxicity of QASs to the highest degree depended on the form of the applied treatment. The strongest herbicidal activity was found for the compounds applied to the soil in which the weed seeds were sown. However, no major changes in growth and development of the weeds were observed with spraying applications. With both forms of treatment, QAS effects were positively correlated with the concentration of the compound, i.e., higher concentrations resulted in greater effects. An important factor affecting the phytotoxicity of examined salts was also the type of anion and the length of alkyl substituent. Compounds showing higher toxic activity for weeds were QAS compounds with the PF 6 − anion. Also, higher phytotoxicity was observed for QAS compounds with substituents containing four carbon atoms. Moreover, an effect of the examined compounds depended on plant species. C. album was the most sensitive species, as evidenced by complete inhibition of shoot and root growth. The weeds in which changes in external appearance and an inhibition of growth and roots length were observed also showed changes in dry weight content. A decrease in levels of assimilation pigments was positively correlated Table 1 Effect of QAS compounds in soil on photosynthetic pigments in weed leaves (mean ± SD, n = 3). Table 2 Effect of QAS compounds sprayed with solutions on photosynthetic pigments in weed leaves (mean ± SD, n = 3). 
